In order to assess the airborne sound insulation of a new material or building solution, access to standardized laboratories, large and expensive facilities, and a sample area of at least 10 m 2 are required. At the research and development stages of new sustainable acoustic materials for construction, it is not easy to make large sample areas available. Moreover, the financial investment in acoustic testing of materials during the research stage in standardized laboratories is excessive. In this work, the assessment of the airborne sound insulation of multi-layer partitions designed with new sustainable materials is presented. The assessed solutions are formed by green composite fiber boards as lightweight elements and a new material designed from sheep wool as absorbent material. The results of these 100% recyclable solutions are compared with lightweight element based solutions, which are commonly used for acoustic insulation. Characterization of those new sustainable solutions for building is leveraged in a reduced sized transmission chamber. The design, construction, and validation of this kind of laboratory are provided. This laboratory enables the assessment of the airborne sound insulation of a material in its research stage.
Introduction
Traditionally, the absorbent material employed in buildings as acoustic solutions contained toxic mineral wools or materials that were difficult to recycle. Starting in the late 1990s and the beginning of the 21st century, we gradually began to see the benefits of using natural fibers as an alternative to synthetic ones; they provided high thermal and acoustic properties with a low impact on the environment and human health [1] . Over the years, researchers have conducted numerous studies to evaluate the acoustic and thermal properties of a multitude of natural fibers [2] [3] [4] [5] [6] [7] [8] [9] and recycled materials [10] [11] [12] [13] [14] [15] . They have made simulation models with these new materials [16] [17] [18] [19] and have even conducted studies on how plants can improve acoustics both indoors and outdoors [20] [21] [22] . This trend in the search of sustainable, recycled, and recyclable materials, which are friendly both to the environmental and to human health, is gaining increasingly greater force [23] . Currently, the HORIZON2020 program is up and running [24] and is the most ambitious research and innovation program set up by the European Union (EU). This program funds research and innovation projects in various subject areas in the European context and, in particular, its Action 5 poses different plans to be put into action. One of them refers to "enabling the transition towards a green economy and society through eco-innovation" by reinforcing innovative sustainable products, among others. Therefore, included within this new group of products may be sustainable materials produced with waste products from other manufacturing processes, natural fibers, or recycled materials that can be converted into acoustic materials. To be able to introduce new eco-acoustic materials in construction, 
Construction of the Reduced Sized Transmission Chamber

Design and Construction
The reduced sized transmission chamber, which was used to characterize the sustainable solutions, was designed and built in 2011 and was a prototype for the European Project LIFE NOISEFREETEX (LIFE09 ENV/IS/461) [39, 40] . The design was based on the specifications of the standard ISO 140-1:1997 [41] (standard currently annulled and replaced by ISO 10140-5:2010 [26] ), which indicates the basic conditions that a laboratory of this type must have. The reduced sized transmission chamber was designed taking into account acoustic insulation and spatial distribution of the diffusivity. The geometric relationship proposed for the rooms was evaluated through the resonance frequencies themselves using the finite element method (FEM), and the design of energy interaction was also evaluated using a statistical energy analysis (SEA) model [42] . The diffuse field condition and specifications relating to the reverberation time in the design phase described in [42, 43] were considered. Table 1 shows the comparison between the dimensions required by the standards and these dimensions reduced by a factor of 1:5 for the construction of the reduced sized chamber. The final dimensions of the reduced sized transmission chamber deviated slightly from the 1:5 factor reduced dimensions. The deviations were due to the handmade construction of the chamber.
With regards to the geometry of the chamber, the basis for defining it was the theory from the modes themselves and Bolt's criterion [44] , looking for a modal distribution that would be as uniform as possible inside the rooms it was comprised of (a source room and a receiving room). Together with the geometry, the acoustic insulation of the walls that made up the chamber also played an important role. The insulation had to be sufficient enough to prevent any outside noise from masking the tests measures.
The materials used for the construction of the walls that made up the reduced sized transmission chamber were as follows (from indoor to outdoor): 6 mm thick composite (Alucobond ® ), 15 mm thick plasterboard, 10 mm thick high density viscoelastic material, 12.5 mm thick plasterboard, 90 mm width aluminum profiles (thermo-fused fibers), 12.5 mm thick plasterboard, 10 mm thick high density viscoelastic material, and 15 mm thick plasterboard. This sandwich solution was chosen because it provided a robust structure that allowed the walls to be tilted where necessary according to the geometrical design; it also provided a high airborne sound insulation. Figure 1 shows the completed reduced sized transmission chamber. 
Initial State and Preparation
Initial measurements of airborne sound insulation were taken, with certain limitations and adjustments, by adapting the specifications of the standard ISO 10140-4:2010-Measurement procedures and requirements [45] . The following steps outline the procedure for testing the airborne sound insulation of a material or building solution. The chosen positions of the sound source and the microphone had to have a minimum distance between each other, between them and the walls, between the floor and/or the ceiling of the chamber, and even between the microphone and the sound source [45] . The dimensions of the reduced sized transmission chamber (volumes less than 0.5m 3 ) were adjusted in relation to the scale factor of 1:5 applied in the design of the small laboratory. Table 2 indicates the minimum distances that were considered in order to place the sound source and microphone in their positions during the tests. 
Initial measurements of airborne sound insulation were taken, with certain limitations and adjustments, by adapting the specifications of the standard ISO 10140-4:2010-Measurement procedures and requirements [45] . The following steps outline the procedure for testing the airborne sound insulation of a material or building solution.
1.
Generate white or pink noise in the source room by means of a sound source placed in two positions in the room.
2.
Measure the sound pressure level both in the source room and in the receiving room in five microphone positions for each sound source position.
3.
Measure the background noise (when the sound source is not emitting noise) in the receiving room in five microphone positions.
4.
Measure the reverberation time in the receiving room by adapting the specifications of the ISO 3382-2:2008 [46] standard.
The chosen positions of the sound source and the microphone had to have a minimum distance between each other, between them and the walls, between the floor and/or the ceiling of the chamber, and even between the microphone and the sound source [45] . The dimensions of the reduced sized transmission chamber (volumes less than 0.5m 3 ) were adjusted in relation to the scale factor of 1:5 applied in the design of the small laboratory. Table 2 indicates the minimum distances that were considered in order to place the sound source and microphone in their positions during the tests. 
Acoustic Evaluation
After the design and construction of the reduced sized transmission chamber and setting up the measurement system, the acoustic evaluation was carried out. Four essential parameters define the acoustic performance of the reduced sized transmission chamber: reverberation time, sound field Buildings 2019, 9, 60 5 of 16 diffusivity, cutoff frequency, and flanking transmission. The evaluation of those acoustic parameters is presented in the next sections, except flanking transmission, which can be consulted in detail in [47] .
Reverberation Time
The ISO 10140-5:2010 standard [26] establishes that the reverberation time (TR(s)) inside the transmission chamber must be over 1 s but less than a value related to its volume (V), according to (1) . This condition, adapted to the scale of the volume of the transmission chamber, set the limits of the reverberation time to between 0.20 and 0.39 s for the receiving room and between 0.20 and 0.45 s for the source room.
V 50 2 3 (1)
The reverberation time measured in each room (TR(s) initial) is presented in Figure 2 . Below 630 Hz in both rooms meant the reverberation time was outside the set limits. This supposed a limit with respect to the regulatory specifications, thus the results obtained below 630 Hz were treated with caution. As is detailed in the following sections of this text, this limitation was related to the cutoff frequency of the chamber.
Acoustic Evaluation
After the design and construction of the reduced sized transmission chamber and setting up the measurement system, the acoustic evaluation was carried out. Four essential parameters define the acoustic performance of the reduced sized transmission chamber: reverberation time, sound field diffusivity, cutoff frequency, and flanking transmission. The evaluation of those acoustic parameters is presented in the next sections, except flanking transmission, which can be consulted in detail in [47] .
Reverberation Time
The reverberation time measured in each room (TR(s) initial) is presented in Figure 2 . Below 630 Hz in both rooms meant the reverberation time was outside the set limits. This supposed a limit with respect to the regulatory specifications, thus the results obtained below 630 Hz were treated with caution. As is detailed in the following sections of this text, this limitation was related to the cutoff frequency of the chamber. 
Sound Field Diffusivity
The sound field inside the source and receiving rooms had to be as diffused as possible. The ISO 10140-5:2010 standard [26] specifies that large variations in the sound pressure level in a room indicate the presence of strong dominant waves. In this case, diffusing elements needed to be put in place in order to minimize these variations between the measurement positions. Sound pressure level (SPL) was evaluated in the ten fixed microphone positions both in the source and in the receiving rooms, and a high level of deviation was detected, particularly at low frequencies ( Figure  3) .
In order to reduce the deviation of the sound pressure level between different measurement points, diffuser panels were installed based on the specifications of Annex A of the ISO 354:2003 standard [48] . The diffusers were constructed with 5 mm thick plywood with a dimensions range between 50 cm 2 and 500 cm 2 
The sound field inside the source and receiving rooms had to be as diffused as possible. The ISO 10140-5:2010 standard [26] specifies that large variations in the sound pressure level in a room indicate the presence of strong dominant waves. In this case, diffusing elements needed to be put in place in order to minimize these variations between the measurement positions. Sound pressure level (SPL) was evaluated in the ten fixed microphone positions both in the source and in the receiving rooms, and a high level of deviation was detected, particularly at low frequencies ( Figure 3) .
In order to reduce the deviation of the sound pressure level between different measurement points, diffuser panels were installed based on the specifications of Annex A of the ISO 354:2003 standard [48] . The diffusers were constructed with 5 mm thick plywood with a dimensions range between 50 cm 2 and 500 cm 2 covering a total area (double-sided) of 0.27 m 2 in the source and 0.25 m 2 in the receiver. Four panels were installed in the source room and five panels in the receiving room, all of them distributed randomly as the Annex A of the ISO 354:2003 standard [48] states.
The sound pressure level in the source and receiving rooms was measured, and the effectiveness of the installation of the diffuser panels was analyzed. Figure 3 shows the comparative sound pressure level deviation before and after the installation of the diffuser panels. As shown in the measurements results, the deviation between the measurement points decreased substantially after the installation of the diffuser panels, especially at low frequencies. With the installation of the diffusers, the uniformity of the sound field was considerably improved, and therefore so were the repeatability and reliability of the results. In addition, the introduction of diffuser panels also influenced the reverberation time, especially in the source room. The frequency based results presented in Figure 2 correspond to 1/3-octave bands measurements according to the ISO 10140-4:2010 standard [45] .
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Cutoff Frequency
In a room at a specific frequency, the modal density is high enough for the modes themselves not to involve a variation of the frequency response of the room. That frequency marks the upper limit of the low frequency area of the room and is called the critical or cutoff frequency.
In 1954, Schroeder [49] found this critical frequency based on 10 modes in each 1/3-octave; however, after years of experiments and measurements taken, a more adequate equation [50] was found for the cutoff frequency, or the Schroeder frequency (2):
In 2011, Magne Skålevik [51] made a revision to the Schroeder frequency, proposing a new equation that consisted of multiplying the Schroeder frequency by a factor of 0.45.
This revision of Schoreder's cutoff frequency Equation (2) was applied to each 1/3-octave band, and the average value was calculated. The original cutoff frequency of the room was established at 1485 Hz. Through the revision of the Schroeder frequency by Skålevik, the cutoff frequency of the enclosed environment was set to 668 Hz rounded down to one third of an octave at 630 Hz. Therefore, below 630 Hz, it cannot be ensured that the modes themselves do not dominate the room, consequently having a strong influence in the results. Thus, the results obtained in this reduced sized transmission chamber below 630 Hz were evaluated with care.
The standing waves phenomena, especially small modal density, suppose a limitation in the accuracy of measurements in lower frequency spectra depending on the size of the room. There are plenty of publications about that, even publications describing how to determine sound transmission loss by neglecting the impact of sound transmission chambers. Some recent examples are [52] [53] [54] [55] . 
The standing waves phenomena, especially small modal density, suppose a limitation in the accuracy of measurements in lower frequency spectra depending on the size of the room. There are plenty of publications about that, even publications describing how to determine sound transmission loss by neglecting the impact of sound transmission chambers. Some recent examples are [52] [53] [54] [55] .
Materials: Green Composites and Sheep Wool
Green Composites
Green composites used for the manufacturing of the acoustic solutions presented in this work were part of the results obtained in the BIAFIREMAT national project, "Development of new eco-materials and sustainable constructive solutions, based in the use of residues and renewable raw materials", funded by the Spanish Ministry of Economy and Competitiveness and co-financed with funds from the European Regional Development Fund (ERDF) within the 2013 National RDI Programme Aimed at Society's Challenges. In order to meet the objectives of this project, the search for new sustainable materials that can be used in building was needed. Sustainable materials elaborated from industry wastes, natural fibers, or recycled products are some examples of needed materials. Details of the composition and the elaboration of the assessed boards are described in [56] . In that work, the main advantages of the materials against typical building materials elaborated from synthetic fibers are shown; they are elaborated from natural fibers, which are renewable, less abrasive, and have a more optimal lifecycle.
In [57] , results of the acoustic characterization of ten composite boards are shown. The difference between the boards relies on the type of base resin used for their manufacture, biodegradable resin (SUPER SAP ® CLR Epoxy) or polyester resin (NORSODYNE H 13328 A) . From the set of ten composites, four of them were chosen for manufacturing the solutions proposed in this work-the ones elaborated with jute and textile waste fibers plus biodegradable and polyester resins. Some of their characteristics are shown in Table 3 . In Figure 4 , jute and textile waste fiber blankets are shown, as well as the elaborated boards after being treated with biodegradable resin. Please note that boards made with either of the two types of the resin presented in this work look almost the same.
from the European Regional Development Fund (ERDF) within the 2013 National RDI Programme Aimed at Society's Challenges. In order to meet the objectives of this project, the search for new sustainable materials that can be used in building was needed. Sustainable materials elaborated from industry wastes, natural fibers, or recycled products are some examples of needed materials. Details of the composition and the elaboration of the assessed boards are described in [56] . In that work, the main advantages of the materials against typical building materials elaborated from synthetic fibers are shown; they are elaborated from natural fibers, which are renewable, less abrasive, and have a more optimal lifecycle.
In [57] , results of the acoustic characterization of ten composite boards are shown. The difference between the boards relies on the type of base resin used for their manufacture, biodegradable resin (SUPER SAP ® CLR Epoxy) or polyester resin (NORSODYNE H 13328 A) . From the set of ten composites, four of them were chosen for manufacturing the solutions proposed in this work-the ones elaborated with jute and textile waste fibers plus biodegradable and polyester resins. Some of their characteristics are shown in Table 3 . In Figure 4 , jute and textile waste fiber blankets are shown, as well as the elaborated boards after being treated with biodegradable resin. Please note that boards made with either of the two types of the resin presented in this work look almost the same. 
Sheep Whool
The acoustic absorbent materials elaborated from sheep wool that were used to manufacture the acoustic solutions presented in this work were part of the result of [58] . The main objective of the project was to develop a sustainable product for building insulation that provided good performance-both in acoustic and thermal insulation-and that was based on sheep hair and wool residues produced in the tannery industry. In [59, 60] , the objective of the project was developed in detail, and data on the diameter of the fibers and comparison with other fibers already consolidated as acoustic absorbents-like polyester fibers (PET), recycled foam, and mineral wool-were presented. In those works, some typical acoustic characterization parameters such as airflow resistivity, normal-incidence sound absorption coefficient, and random incidence sound absorption coefficient were also presented. The results presented in those works were from sheep wool samples of different composition, thickness, and density. The samples presented in this work are the ones denominated S5 [59] and Premium [60] . Some of their characteristics are shown in Table 4 . 
Results
Acoustic Validation of the Reduced Sized Transmission Chamber
In order to validate the reduced sized transmission chamber, airborne sound insulation tests were carried out for certain building solutions. This type of test is an indispensable tool in the research and development of new products or building solutions used in the building industry.
The test procedure for airborne sound insulation measurement in the reduced sized transmission chamber followed the specifications of the ISO 10140-2:2010 standard [61] with certain adaptations and limitations due to its reduced size. The ISO 10140-2:2010 standard references the ISO-10140-4:2010 standard, where procedures for the measurement of sound pressure level and reverberation time are established. These necessary adaptations for the reduced sized transmission chamber are presented Table 2 .
In order to validate the results of airborne sound insulation obtained for the tests carried out in the reduced sized transmission chamber, they were compared with results obtained in standard transmission chambers and the theoretical results obtained through simulation with Aisla 3 prediction software [62] . This simulation software is based on the predictive models of acoustic insulation described by Ookura & Saito and Chen & Jan [63, 64] based on impedance coupling with known mechanical data of the materials (elastic module, loss factor, thickness, and density). Figure 5 shows the sound reduction index (R) obtained by the different methods described above. The presented results belong to one of the test configurations used to validate the reduced sized transmission chamber, which consisted of a single 13 mm thick plasterboard. Figure 5 displays the degree of coincidence between the results obtained by the different methods described above from the chamber's cutoff frequency (630 Hz) upwards. These results validate the reduced sized transmission chamber as a small testing laboratory for this type of building solutions.
Acoustic Characterization of the Proposed Sustainable Solutions
Once the reduced sized transmission chamber was validated, it was possible to perform the initial tests of materials under development in a quick and economical way, which supposed an advantage during the analysis of the proposed sustainable solutions. First, the acoustic tests of the lightweight elements and the absorbent materials that conformed to the proposed sustainable solutions were carried out. Once the results were analyzed, some possible combinations of the different proposed materials were analyzed as a whole in order to check acoustic behavior as a sustainable solution for multi-layer lightweight partition.
Acoustic Characterization of the Green Composite Boards
The boards detailed in Table 3 were characterized as sound-proof layers with properties of lightweight partition for airborne sound insulation. All the tests were carried out in the reduced sized transmission chamber described earlier in this text.
Sound reduction index values (R (dB)) were obtained as a function of frequency for the textile waste and jute fibers with biodegradable resin boards that are shown in Figure 4 . All of these tests were performed in the reduced sized transmission chamber. Values starting at 100 Hz are presented in Figure 6 . As detailed in Section 2.3, only values from 630 Hz upwards were considered reliable. Figure 6 shows quite similar tendencies between the sound reduction index values as functions of frequency of the four green composite boards detailed in Table 3 . The similar tendencies between the green composite boards and the plasterboard can also be seen. The four green composite boards presented sound reduction index values that were always below the values of the plasterboard, but it is worth noting that the green composite boards were approximately 5 mm thick, and the plasterboard was 13 mm thick. 
Acoustic Characterization of the Proposed Sustainable Solutions
Acoustic Characterization of the Green Composite Boards
Acoustic Characterization of the Sheep Wool Samples
The sheep wool samples described in Table 4 were characterized as sound absorbers. In order to carry out the acoustic characterization, three different tests were conducted-airflow resistance by Ingard & Dear's method [65] , normal incidence absorption coefficient following the guidelines of the ISO 10534-2:1998 standard [66], and sound absorption in a reverberation room following the guidelines of the ISO 354:2003 standard [48] . Full details of each of these tests are described in [59] for S5 and in [60] for Premium. Values of airflow resistance are presented Table 5 and normal incidence absorption coefficient and random incidence absorption coefficient are presented in Figures 7 and 8 , respectively. 
The sheep wool samples described in Table 4 were characterized as sound absorbers. In order to carry out the acoustic characterization, three different tests were conducted-airflow resistance by Ingard & Dear's method [65] , normal incidence absorption coefficient following the guidelines of the ISO 10534-2:1998 standard [66], and sound absorption in a reverberation room following the guidelines of the ISO 354:2003 standard [48] . Full details of each of these tests are described in [59] for S5 and in [60] for Premium.
Values of airflow resistance are presented Table 5 and normal incidence absorption coefficient and random incidence absorption coefficient are presented in Figures 7 and 8 , respectively. Buildings 2019, 9 FOR PEER REVIEW 10 Figure 6 . Sound reduction index (R (dB)) measured in reduced sized transmission chamber for green composite and plaster boards.
The sheep wool samples described in Table 4 were characterized as sound absorbers. In order to carry out the acoustic characterization, three different tests were conducted-airflow resistance by Ingard & Dear's method [65] , normal incidence absorption coefficient following the guidelines of the ISO 10534-2:1998 standard [66], and sound absorption in a reverberation room following the guidelines of the ISO 354:2003 standard [48] . Full details of each of these tests are described in [59] for S5 and in [60] for Premium. Values of airflow resistance are presented Table 5 and normal incidence absorption coefficient and random incidence absorption coefficient are presented in Figures 7 and 8 , respectively. As can be observed in Figures 7 and 8 , both in normal incidence and random incidence, Premium and S5 samples presented both values and tendencies for the sound absorption coefficient as functions of frequency typical of absorbent materials.
Acoustic Characterization of the Proposed Sustainable Solutions
Once the different individual elements were acoustically characterized, four combinations of them were analyzed as possible solutions for multi-layer lightweight structures: Results of sound reduction index as a function of frequency measured in the reduced sized acoustic chamber are presented in Figure 9 . In addition to the four proposed sustainable solutions, results of two alternative solutions based on a combination of plasterboard as a lightweight element and sheep wool as a sound absorber are also included.
As can be observed in Figure 9 , the configuration that presented lower airborne sound insulation was configuration 1 (Textile waste fibers and biodegradable resin board + S5 Sheep Wool + Jute fibers and biodegradable resin board), followed by configuration 4 (Textile waste fibers and polyester resin board + Premium Sheep Wool + Jute fibers and biodegradable resin board), followed by configuration 3 (Textile waste fibers and polyester resin board + S5 Sheep Wool + Jute fibers and biodegradable resin board), and the one that presented the higher insulation level was configuration 2 (Textile waste fibers and biodegradable resin board + Premium Sheep Wool + Jute fibers and biodegradable resin board).
The obtained results also indicate that all the green composite boards represented in Figure 6 could be used as airborne sound insulation solutions. Boards that individually presented higher airborne sound insulation when combined with absorbent material in order to form a multi-layer solution presented lower airborne sound insulation than solutions formed by other boards, which As can be observed in Figures 7 and 8 , both in normal incidence and random incidence, Premium and S5 samples presented both values and tendencies for the sound absorption coefficient as functions of frequency typical of absorbent materials.
Once the different individual elements were acoustically characterized, four combinations of them were analyzed as possible solutions for multi-layer lightweight structures:
1.
Textile waste fibers and biodegradable resin board + S5 Sheep Wool + Jute fibers and biodegradable resin board (70 mm thick).
2.
Textile waste fibers and biodegradable resin board + Premium Sheep Wool + Jute fibers and biodegradable resin board (60 mm thick).
3.
Textile waste fibers and polyester resin board + S5 Sheep Wool + Jute fibers and biodegradable resin board (70 mm thick).
4.
Textile waste fibers and polyester resin board + Premium Sheep Wool + Jute fibers and biodegradable resin board (60 mm thick).
Results of sound reduction index as a function of frequency measured in the reduced sized acoustic chamber are presented in Figure 9 . In addition to the four proposed sustainable solutions, results of two alternative solutions based on a combination of plasterboard as a lightweight element and sheep wool as a sound absorber are also included.
The obtained results also indicate that all the green composite boards represented in Figure 6 could be used as airborne sound insulation solutions. Boards that individually presented higher airborne sound insulation when combined with absorbent material in order to form a multi-layer solution presented lower airborne sound insulation than solutions formed by other boards, which individually presented lower airborne sound insulation and the same absorbent material. Thus, in a multi-layer partition, the right materials choice does not exclusively depend on the acoustic insulation of each individual element; it must be analyzed as a whole.
Buildings 2019, 9 FOR PEER REVIEW 12 individually presented lower airborne sound insulation and the same absorbent material. Thus, in a multi-layer partition, the right materials choice does not exclusively depend on the acoustic insulation of each individual element; it must be analyzed as a whole. Figure 9 . Sound reduction index of the proposed solutions measured in the reduced sized transmission chamber.
Conclusions
In this paper, airborne sound insulation of some proposed sustainable solutions was studied. These lightweight solutions were designed from materials in development phases. In order to evaluate these sustainable configurations, a reduced sized transmission chamber was used-a chamber that presented some measurement limitations and was used to assess lightweight partitions. Due to its reduced size, only values from 630 Hz upwards were considered valid. This type of chamber was used in order to reduce the manufacturing cost of the samples (samples of less than 1 m 2 were needed compared to the 10 m 2 needed for the normalized chamber). It is an alternative that allows comparison of acoustic solutions and divulges more information than other types of tests based on Kundt's tube.
In order to justify the acoustic insulation values obtained in the reduced sized transmission chamber and their validity range, several acoustic parameters were presented. The design and construction of the reduced sized transmission chamber, the measurement procedure, and its acoustic evaluation were described. In the acoustic evaluation, the limitations derived from the reverberation time, the sound field diffusivity, and the cutoff frequency were presented. The cutoff frequency was considered the most limiting factor, and it was set at 630 Hz. The validity range of the measures presented in this work was conditioned to that value. Although the work included results for all the test ranges of a normalized acoustic chamber (starting at 100 Hz), only results from 630 Hz upwards were reliable, and the assessed solutions were compared parting from that frequency.
In order to justify the validity of the results, values of airborne sound insulation from a set of known lightweight configurations obtained in this chamber, such as plasterboard, were compared with values obtained in standardized chambers and with theoretical values obtained from predictive models. The results are an example of the reduced sized transmission chamber validation for comparative tests of lightweight materials.
Two types of fibers were used to build green composite boards-jute fibers and textile waste fibers. For each of them, 5 mm thick boards were made using two different resin treatments, one with biodegradable resin and the other with polyester resin.
The results of airborne sound insulation tests for all these boards were presented. As can be observed in Figure 6 , the board composed by textile waste fibers with polyester resin was the one 
The results of airborne sound insulation tests for all these boards were presented. As can be observed in Figure 6 , the board composed by textile waste fibers with polyester resin was the one that produced better airborne sound insulation results. Compared to the solution made up with 13 mm plasterboard (also presented in Figure 6 ), the obtained results for the green composite boards show a good behavior if the thickness difference is taken into account.
Tests for lightweight solutions composed by combinations of the assessed green composite boards and acoustic sheep wool were also carried out. Those wools were also described in this work and are currently being commercialized. In Figure 9 , the results for airborne sound insulation were presented. In general, the different combinations had similar behaviors and were suitable for airborne sound insulation solutions except for the solution composed by textile waste resin board with S5 wool and jute board, which presented results with an average of 5 dB less than the other solutions. These results were also compared with similar configurations obtained by replacing the green composite board with plasterboards. In Figure 9 , the results of two solutions composed of 13 mm plasterboard combined with the two types of analyzed sheep wool (S5 and Premium) were also presented. These solutions also produced good results, thus sheep wool can be considered an alternative for lightweight solutions with plasterboard.
The results obtained for the proposed sustainable solutions indicate that the proposed solutions could be used as sustainable solutions for airborne sound insulation. In the case of the solutions composed of plasterboard and sheep wool, they can already be used as an alternative for lightweight solutions. However, in the case of the green composite boards, there are still other aspects pending analysis, such as fire resistance and mechanical durability in time. 
Conflicts of Interest:
The authors declare no conflict of interest.
